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Infection of C57BL/6 mice with the moderately virulent Cryptococcus neoformans strain 52D models the complex adaptive im-
mune response observed in HIV-negative patients with persistent fungal lung infections. In this model, Th1 and Th2 responses
evolve over time, yet the contribution of interleukin-17A (IL-17A) to antifungal host defense is unknown. In this study, we show
that fungal lung infection promoted an increase in Th17 T cells that persisted to 8 weeks postinfection. Our comparison of fun-
gal lung infection in wild-type mice and IL-17A-deficient mice (IL-17A�/� mice; C57BL/6 genetic background) demonstrated
that late fungal clearance was impaired in the absence of IL-17A. This finding was associated with reduced intracellular contain-
ment of the organism within lung macrophages and deficits in the accumulation of total lung leukocytes, including specific re-
ductions in CD11c� CD11b� myeloid cells (dendritic cells and exudate macrophages), B cells, and CD8� T cells, and a nonsig-
nificant trend in the reduction of lung neutrophils. Although IL-17A did not alter the total number of CD4 T cells, decreases in
the total number of CD4 T cells and CD8 T cells expressing gamma interferon (IFN-�) were observed in IL-17A�/� mice. Lastly,
expression of major histocompatibility complex class II (MHC-II) and the costimulatory molecules CD80 and CD86 on CD11c�

CD11b� myeloid cells was diminished in IL-17A�/� mice. Collectively, these data indicate that IL-17A enhances host defenses
against a moderately virulent strain of C. neoformans through effects on leukocyte recruitment, IFN-� production by CD4 and
CD8 T cells, and the activation of lung myeloid cells.

Cryptococcus neoformans is a globally distributed pathogenic
fungus acquired by the inhalational route (1–3). When host

defenses are impaired, C. neoformans becomes a devastating op-
portunistic pathogen. It is the leading cause of fatal mycosis in
HIV-positive individuals (1 million new cases and 680,000 deaths
per year [4]) and the second most common fungal infection in
patients with organ transplants (5). Yet for most infections in
non-HIV patients, either the organism is fully cleared (6) or it may
persist at nonlethal levels (7), often resulting in destructive paren-
chymal lung disease or immune-mediated airway damage and
bronchiectasis (5, 8). Thus, host defenses in immunocompetent
humans are essential for clearance or containment of C. neofor-
mans.

Host defense against Cryptococcus neoformans requires the suc-
cessful interplay of both the innate and adaptive immune re-
sponses (9, 10). The effectiveness of the resultant adaptive im-
mune response in clearing C. neoformans has largely been
attributed to the balance between Th1 and Th2 responses (11).
Th1 cytokine expression (characterized by gamma interferon
[IFN-�] production) enhances fungal resistance (12–17), while a
Th2 response (characterized by interleukin-4 [IL-4], IL-5, IL-10,
and IL-13 production) impairs clearance and promotes immune-
mediated lung damage in mouse models of cryptococcosis (18–
23). In the interim since many of these studies were performed,
our understanding of adaptive immune regulation has expanded
and now includes Th17 cells, a population of CD4 T cells that
produce the proinflammatory cytokine IL-17A. IL-17A was orig-
inally implicated in mediating tissue damage in the context of
autoimmune disease (24). IL-17A has since been studied in nu-
merous infectious disease models, in which its role remains un-

certain. IL-17A exacerbates some bacterial infections but protects
against others (25, 26).

Our knowledge of the role of IL-17A in clearing fungal infec-
tions is similarly evolving. Using a model of repetitive exposure to
Aspergillus fumigatus in IL-17A-deficient mice, we demonstrated
that IL-17A impairs clearance of inhaled conidia (27), whereas
another study using antibody-mediated neutralization of IL-17A
suggested that IL-17A enhances clearance in response to acute
Aspergillus infection (28). IL-17A provides some protection
against mucocutaneous candidiasis and Pneumocystis carinii (29–
31). Several studies have investigated the role of IL-17A in the
context of vaccination and (or) primary infection with the en-
demic fungi Histoplasma capsulatum, Blastomyces dermatitidis,
and Coccidioides immitis (32–35). One study comparing wild-type
and IL-17A-deficient mice demonstrated that vaccine efficacy for
all three pathogens was reduced in the absence of IL-17A whereas
impaired clearance in unvaccinated mice was observed only for
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mice infected with B. dermatitidis (35). Neutralization of IL-17A
by blocking antibody blunted the clearance of H. capsulatum from
the lungs but did not alter progressive infection or survival (32).

Our group and several others have investigated the role of IL-
17A in response to a highly virulent strain of Cryptococcus neofor-
mans, strain H99, in BALB/c mice (1, 36–39). In this model, pro-
gressive cryptococcal lung infection is observed associated with a
high rate of lethal central nervous system (CNS) dissemination
recapitulating the clinical course of cryptococcosis that develops
in patients immunocompromised due to HIV/AIDS or other
forms of immunosuppression. These murine studies using H99
(in wild-type [WT] BALB/c mice) have shown that little IL-17A is
produced in the lung in either the early or the late phase of this
aggressive infection.

In contrast to the progressive infection observed in BALB/c
mice infected with strain H99, infection of C57BL/6 mice with the
moderately virulent and encapsulated strain 52D results in a less
aggressive infection characterized by the evolution of a complex
adaptive immune response that contains the organism in the lung
and limits dissemination to the CNS (40–44). This model is more
representative of cryptococcal infections in immunocompetent
human hosts, which either clear the infection or contain the or-
ganism within the lung; the latter outcome may result in lung
damage similar to that observed in other chronic fungal infections
(45–50). In this model, both Th1 and Th2 responses develop and
evolve over time. In particular, signaling by activated antigen-
presenting cells and the generation of IFN-� are critically impor-
tant for preventing progressive lung infection and lethal dissemi-
nation to the CNS (11, 13, 22, 51, 52). Whether IL-17A exerts a
protective or detrimental effect in this model is unclear. One study
using C57BL/6 mice deficient mice in the IL-17 receptor A (IL-
17RA) showed no impairment in pulmonary clearance of strain
52D at 1 or 6 weeks postinfection and no difference in survival
compared to WT C57BL/6 mice (44). Since IL-17RA is a receptor
for more than one IL-17 family member, our current study uti-
lized mice deficient in IL-17A to investigate the specific contribu-
tion of IL-17A to the evolution of the immune response to strain
52D. Our data demonstrate that IL-17A enhances intracellular
containment and cryptococcal clearance within the lung during
the latter stages of infection. Our findings suggest that IL-17A may
exert these beneficial effects by directly or indirectly altering leu-
kocyte recruitment, increasing IFN-� production by CD4 and
CD8 T cells, and enhancing myeloid cell activation.

MATERIALS AND METHODS
Mice. Wild-type (C57BL/6J) mice obtained from the Jackson Laborato-
ries (Bar Harbor, ME) were housed under pathogen-free conditions in
enclosed filter-topped cages. IL-17A knockout (IL-17A�/�) mice that
were originally generated on a C57BL/6 genetic background were ob-
tained from a breeding colony at the University of Michigan. The IL-17A
knockout breeders were kindly provided by Yoichiro Iwakura (Tokyo
University) and have been described previously (53). Clean food and wa-
ter were given to mice ad libitum. The mice were handled and maintained
using microisolator techniques, with daily veterinarian monitoring. All
studies involving mice were approved by the University Committee on
Use and Care of Animals at the University of Michigan.

C. neoformans. C. neoformans strain 52D was obtained from the
American Type Culture Collection (ATCC 24067); this strain displays
smooth colony morphology when grown on Sabouraud dextrose agar.
For the infection, yeast cells that were recovered from 10% glycerol stocks
were grown to stationary phase (at least 72 h) at 36°C in Sabouraud dex-

trose broth (SDB) (1% neopeptone, 2% dextrose; Difco, Detroit, MI) on
a shaker. The cultures were then washed in nonpyrogenic saline (Trave-
nol, Deerfield, IL), cells were counted on a hemocytometer, and the cul-
tures were diluted to 3.3 � 105 yeast cells/ml in sterile nonpyrogenic
saline.

Intratracheal inoculations. Mice were anesthetized by intraperito-
neal injection of pentobarbital (0.074 mg/g of body weight) and restrained
on a surgical board. A small incision was made through the skin over the
trachea, and the underlying tissue was separated. A bent 30-gauge needle
(Becton, Dickinson, Rutherford, NJ) was attached to a tuberculin syringe
(BD & Co, Franklin Lakes, NJ) filled with the diluted C. neoformans cul-
ture. The needle was inserted into the trachea, and 30 �l of inoculum was
dispensed into the lungs (104 yeast cells). The skin was closed with cyano-
acrylate adhesive. The mice recovered with minimal visible trauma.

CFU assays. For determination of microbial burden in the lungs,
small aliquots of dispersed lungs or brains were collected after the digest
procedure. Series of 10-fold dilutions of the lung samples were plated on
Sabouraud dextrose agar plates in duplicates of 10-ml aliquots and incu-
bated at room temperature. C. neoformans colonies were counted 2 days
later, and the number of CFU was calculated on a per-organ basis.

Leukocyte isolation from lungs. The lungs from each mouse were
excised, washed in phosphate-buffered saline (PBS), minced with scissors,
and enzyme digested at 37°C for 30 to 35 min in 15 ml/lung of digestion
buffer (RPMI, 5% fetal calf serum [FCS], antibiotics, 1 mg/ml collagenase
[Boehringer Mannheim Biochemical, Chicago, IL], and 30 �g/ml DNase
[Sigma]). The cell suspension and tissue fragments were further dispersed
by repeated aspiration through the bore of a 10-ml syringe and were
centrifuged. Erythrocytes in the cell pellets were lysed by addition of 3 ml
of NH4Cl buffer (0.829% NH4Cl, 0.1% KHCO3, 0.0372% Na2-EDTA, pH
7.4) for 3 min followed by a 10-fold excess of RPMI. Cells were resus-
pended, and a second cycle of syringe dispersion and filtration through a
sterile 100-�m nylon screen (Nitex, Kansas City, MO) was performed.
The filtrate was centrifuged for 30 min at 1,500 � g in the presence of 20%
Percoll (Sigma) to separate leukocytes from cell debris and epithelial cells.
Leukocyte pellets were resuspended in 5 ml of medium and enumerated
on a hemocytometer following dilution in trypan blue.

Lung histology. Lungs were fixed by inflation with 10% neutral buff-
ered formalin (Sigma). After paraffin embedding, 5-�m sections were cut
and stained with hematoxylin and eosin (H&E) for histological analysis
(McClinchey Histology Lab, Stockbridge, MI).

Extracellular cryptococci. Histological sections obtained from WT
and IL-17A�/� mice infected for 4 weeks were stained with H&E and
examined by light microscopy at a magnification of �400. Ten random,
high-powered fields were examined in blinded fashion at sites of leukocyte
accumulation for both mouse strains. The total number of extracellular C.
neoformans cells was then determined for each field by counting.

Flow cytometry. Cells were washed and resuspended at a concentra-
tion of 106 cells/25 �l FA buffer (Difco) � 0.1% NaN3, Fc receptors were
blocked by the addition of unlabeled anti-CD16/32 (Fc block; BD Phar-
mingen, San Diego, CA). After Fc receptor blocking, 0.5 � 106 to 1 � 106

cells were stained in a final volume of 50 �l in 96-well round-bottom
plates (Corning Incorporated, Corning, NY) for 30 min at 4°C. Cells were
washed twice with FA buffer, resuspended in 120 �l of 4% formalin
(Sigma), and transferred to 12- by 75-mm2 polystyrene tubes (Becton,
Dickinson, Franklin Lakes, NJ). A minimum of 100,000 events were ac-
quired on a FACSCanto flow cytometer (BD PharMingen) using Cell-
Quest software (BD Pharmingen). Acquired data were analyzed with
FlowJo software (Tree Star, Stanford, CA). Fluorochrome-conjugated an-
tibodies directed against the following antigens were obtained from the
following vendors: CD45 (BioLegend, San Diego, CA), CD3, CD4, CD8,
CD11b, CD11c, CD19, Gr1, siglec F, IFN-�, Ly6C, Ly6G, IA-IE, CD80,
CD86, and isotype controls (BD Pharmingen).

Lung leukocyte subset identification by flow cytometric analysis.
Cells from whole-lung digest were analyzed as previously published (54,
55) and briefly described as follows. First, lung leukocytes were identified
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by CD45 expression. The following leukocyte subsets were then identified
within this gate: (i) neutrophils were identified using a CD11c versus Gr1
plot as cells expressing little CD11c but large amounts of Gr1; (ii) mature
eosinophils were identified as cells expressing moderate amounts of
CD11c and Gr1 and further expressing large amounts of siglec F; (iii)
CD11c� CD11b� myeloid cells were identified as expressing high levels
of CD11c, low to moderate levels of Gr-1, and moderate to large amounts
of CD11b; this population includes CD11b� dendritic cells (DC) and
CD11b� exudate macrophages (56, 57); (iv) resident CD11b� lung mac-
rophages were identified as CD3-CD19-Ly6G-negative cells, which were
large (FSChigh) and autofluorescent and expressed CD11c but not CD11b;
(v) lymphocytes were identified within the population of small cells
(FSClow and SSClow), further subdivided into CD4 T cells (CD4�), CD8 T
cells (CD8�), or B cells (CD19�) based on cell surface staining. Within the
myeloid populations, cellular activation was assessed by measuring cell
surface expression of MHC-II (IA-IE), CD80, and CD86 relative to iso-
type control.

Intracellular IL-17A and IFN-� staining. Prior to intracellular cyto-
kine staining, cells were stimulated in vitro for 6 h with phorbol myristate
acetate (PMA; 50 ng/ml) and ionomycin (1 �g/ml) in the presence of
monensin (1 �l/ml of cells) as per the manufacturer’s instructions (BD
Pharmingen) to promote the intracellular accumulation of cytokines. Af-
ter stimulation, cells were washed twice prior to surface molecule staining.
Subsequently, intracellular IL-17A or IFN-� was stained using the BD
Cytofix/Cytoperm kit according to the manufacturer’s instructions (BD
Pharmingen).

qPCR for IL-17A. For quantitative PCR (qPCR) assays, total RNA was
prepared using the RNeasy Plus Minikit (Qiagen, Valencia, CA, USA) and
first-strand cDNA was synthesized using SuperScriptIII (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. IL-17
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA was
quantified with SYBR green-based detection using an MX 3000P system
(Stratagene, La Jolla, CA) according to the manufacturer’s protocols.
Forty cycles of PCR (94°C for 15 s followed by 60°C for 30 s and 72°C for
30 s) were performed on a cDNA template. The data were expressed as
percent GAPDH mRNA levels.

IL-17A protein expression by Luminex. Isolated lung leukocytes were
diluted to 5 � 106 cells/ml and were cultured in 24-well plates with 2 ml of
complete RPMI medium at 37°C and 5% CO2 for 24 h. Supernatants were
separated from cells by centrifugation, collected, and frozen until tested.
IL-17 protein expression was quantified by Luminex assay (Luminex,
Austin, TX) following the manufacturer’s specifications.

Statistical analyses. Results were obtained from at least two separate
experiments, each containing 2 to 4 mice per group per experiment. Since
these independent experiments produced consistent results, quantitative
data were pooled (to obtain a minimum n of �4) and cumulative analysis
was performed across the multiple experiments. All values are reported as
means � standard errors of the means. For figures comparing multiple
time points with day 0 (uninfected mice) within the same mouse strain,
statistical significance was determined using analysis of variance
(ANOVA) with Dunnett’s post hoc test. Differences between WT and IL-
17A�/� mice at each time point were evaluated using an unpaired Student
t test. P values of less than 0.05 were considered statistically significant.

RESULTS
Th17 cells increase in response to lung infection with C. neofor-
mans strain 52D in WT C57BL/6 mice. Our prior studies demon-
strated an expansion of both Th1 and Th2 cells in the lungs of
C57BL/6 mice infected with C. neoformans strain 52D (11). The
first objective of this study was to determine whether this mixed
adaptive immune response includes an expansion in Th17 cells.
To address this, C57BL/6 mice were infected by the intratracheal
route with 1 � 104 organisms. The lungs of uninfected mice or
mice infected for 1, 2, 4, and 8 weeks were enzymatically dispersed,
and single-cell suspensions were subjected to antibody staining

and flow cytometric analysis (as described in Materials and Meth-
ods). Compared to cells from uninfected mice, the percentage of
lung CD4 T cells expressing intracellular IL-17A significantly in-
creased (approximately 3-fold) as early as 1 week postinfection
(Fig. 1A). This increase in IL-17A-positive CD4 T cells was con-
sistent with a concurrent increase in IL-17A expression by total
lung leukocytes, established by qPCR and Luminex assays in pre-
liminary experiments (performed at 1 week postinfection; see Fig.
S1 in the supplemental material). The percentage of CD4 T cells
expressing IL-17A increased 5-fold by week 2, translating into a
significant increase in the total numbers of IL-17A-expressing
CD4� T cells, which persisted to 8 weeks postinfection (Fig. 1B).
The percentage of CD4-negative lung leukocytes expressing IL-
17A was consistently less than 2% and did not increase in response
to infection (data not shown), suggesting that CD4 T cells are the
predominant source of IL-17A in this model. Together, these data
demonstrate that CD4 T cells expressing intracellular IL-17A, i.e.,
Th17 cells, increase in response to cryptococcal lung infection
with strain 52D in C57BL/6 mice. Their presence adds to the com-
plexity of the mixed adaptive immune response observed in the
lungs of these mice.

IL-17A promotes containment of chronic lung infection but
does not alter survival at 8 weeks. We next sought to determine
the role of IL-17A in fungal clearance of strain 52D. CFU analysis
was performed using aliquots of enzymatically dispersed lungs
obtained from WT mice (C57BL/6 mice) and IL-17A-deficient
mice (IL-17A�/� mice; C56BL/6 genetic background) infected for

FIG 1 Th17 cells increase in C57BL/6 mice that develop persistent cryptococ-
cal lung infection. C57BL/6 mice were infected by the intratracheal route with
C. neoformans strain 52D. At weeks 0 (uninfected), 1, 2, 4, and 8, lungs were
removed and enzymatically digested, and lung cells were antibody stained and
analyzed by flow cytometric analysis to identify CD4 T cells expressing intra-
cellular IL-17A as described in Materials and Methods. (A) Percentage of CD4
T cells expressing IL-17A. (B) Total number of CD4 T cells expressing IL-17A.
Data are means � standard errors obtained from 4 to 6 mice per time point in
two separate experiments. �, P � 0.05 by ANOVA with Dunnett’s post hoc
analysis versus day 0 (uninfected) mice.
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1, 2, 4, and 8 weeks (Fig. 2). In both strains of mice, lung CFU were
significantly increased by 1 week postinfection and remained per-
sistently elevated out to 8 weeks postinfection relative to the initial
inoculum of 104 organisms at day 0 (Fig. 2A). Our comparison of
lung CFU between WT and IL-17A�/� mice revealed no differ-
ences at 1 or 2 weeks postinfection. However, by week 4, we ob-
served that lung CFU in the IL-17A�/� mice was 3-fold higher
than that observed for WT mice. By week 8, this disparity in fungal
clearance had increased further, with the lung CFU in IL-17A�/�

mice being 10-fold greater than that observed in WT mice.
We also examined whether the absence of IL-17A altered the

rate of fungal dissemination to the central nervous system. Brain
tissues were removed from infected WT and IL-17A�/� mice at 1,
2, 4, and 8 weeks postinfection, and CFU analysis was performed.
Consistent with other studies using this model, CNS dissemina-
tion in WT mice was rare (2 of 20 mice evaluated; data not shown).
In the infected IL-17A�/� mice, a modest nonsignificant trend
toward increased CNS dissemination was observed (5 of 20 mice
evaluated; P 	 0.21 by chi-square analysis in comparison with WT
mice). No deaths occurred in the subsets of WT and IL-17A�/�

mice evaluated at 8 weeks postinfection (Fig. 2B). Collectively, our
data demonstrate that IL-17A contributes to the clearance of
chronic fungal infection within the lung microenvironment but is
not essential for 8-week survival in this infection model.

IL-17A enhances lung inflammation and intracellular con-
tainment of C. neoformans strain 52D as assessed by light mi-
croscopy. To determine the role of IL-17A on the microanatomic
response to lung infection with strain 52D, we examined (by light
microscopy) H&E-stained lung sections of uninfected WT and
IL-17A�/� mice (Fig. 3, left panels) and at 1 and 4 weeks postin-
fection (Fig. 3, middle and right panels, respectively). Lung sec-
tions from uninfected WT and IL-17A�/� mice appeared similar
(Fig. 3A). We observed a substantial influx of lung leukocytes,
many of them granulocytes, at 1 week postinfection in WT mice
(Fig. 3A and B; week 1; wild type). In contrast, fewer lung leuko-
cytes were observed in the lung sections obtained from IL-17A�/�

mice at this time point. (Fig. 3A and B; week 1; IL-17A�/�). In
both strains of mice, extracellular cryptococci were abundant
within alveolar spaces (Fig. 3B; week 1; wild type and IL-17A�/�),
suggesting that the well-described (58, 59) ineffectiveness of the
early innate immune response at clearing strain 52D was not al-
tered by the absence of IL-17A.

At week 4 postinfection, characteristic features of fungal con-
tainment were observed in WT mice, including the presence of
loose granulomas containing large macrophages and numerous
lymphocytes within the alveolar regions of the lung (Fig. 3A; week
4; wild type). At higher power, large foamy macrophages and
multinucleated giant cells were observed, many of them contain-
ing intracellular cryptococci; extracellular cryptococci were rarely
identified (Fig. 3B; week 4; wild type). In comparison, although a
comparable number of lung leukocytes were observed in IL-
17A�/� mice at 4 weeks postinfection (Fig. 3A; week 4; IL-17A�/�),
the pattern of inflammation differed qualitatively from that iden-
tified in WT mice. Specifically, macrophages appeared smaller,
and fewer multinucleated giant cells were visible. Furthermore, in
contrast to the intracellular location of cryptococci observed in
WT mice, the number of extracellular cryptococci present in the
lungs of IL-17A�/� mice was significantly increased (Fig. 3B; week
4; IL-17A�/�; and Fig. 3C). Collectively, these data obtained by
light microscopy suggest a role for IL-17A in lung leukocyte re-
cruitment at early time points and an effect of IL-17A on intracel-
lular fungal containment at later time points, which contributes to
long-term infection control.

IL-17A promotes early lung leukocyte recruitment in re-
sponse to infection with C. neoformans strain 52D. To substan-
tiate and extend our observations regarding the effects of IL-17A
on characteristics of the inflammatory response, we next investi-
gated the role of IL-17A on leukocyte recruitment in this model
system. Flow cytometric analysis was performed on lung cells iso-
lated from WT and IL-17A�/� mice that were either uninfected or
at 1, 2, 4, and 8 weeks postinfection with strain 52D (as described
in Materials and Methods). In both strains of mice, total numbers
of CD45� lung leukocytes increased beginning week 1 postinfec-
tion (relative to uninfected mice of the same strain [Fig. 4A]).
Consistent with our findings using light microscopy, we observed
a significant decrease in total CD45� lung leukocytes in IL-
17A�/� mice (relative to WT mice) 1 week after intratracheal in-
oculation (Fig. 4A), which no longer reached statistical signifi-
cance at weeks 2, 4, and 8.

We next identified and enumerated subsets of innate leuko-
cytes in infected WT and IL-17A�/� mice. In both strains of mice,
fungal lung infection promoted accumulations (relative to unin-
fected mice of the same strain) in the total number of neutrophils,
eosinophils, CD11c� CD11b� myeloid cells (predominantly res-

FIG 2 Fungal clearance from the lung is impaired in IL-17A-deficient mice.
(A, B) Wild-type C57BL/6 mice and IL-17A-deficient mice (IL-17A�/� mice;
C57BL/6 genetic background) were infected by the intratracheal route with C.
neoformans strain 52D. (A) At 1, 2, 4, and 8 weeks postinfection, lungs were
digested, and a CFU assay was performed to determine fungal burden. Black
bars, WT mice; white bars, IL-17A�/� mice. The y intercept represents the
initial inoculum of 104 organisms. (B) Survival of mice at each time point.
Solid black line, WT mice; dashed gray line, IL-17A�/� mice. Data are means �
standard errors obtained from 4 to 6 mice per time point in two separate
experiments. �, P � 0.05 by ANOVA with Dunnett’s post hoc analysis versus
day 0 (uninfected) mice of the same strain; ‡, P � 0.05 by unpaired Student t
test between C57BL/6 mice and IL-17A�/� mice at the same time point.
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ident alveolar macrophages [57]), and CD11c� CD11b� myeloid
cells (dendritic cells and exudate macrophages (56, 57) (Fig. 4B).
Direct comparisons between infected WT mice and IL-17A�/�

mice demonstrated that the observed reduction in total CD45�

lung leukocytes at week 1 was not attributable to a significant

reduction in any single innate leukocyte subset. Neutrophil re-
cruitment was consistently diminished in IL-17A�/� mice, al-
though these reductions did not reach statistical significance at
any single specified time point. Similarly, a nonsignificant trend
toward impaired eosinophil recruitment was observed in IL-

FIG 3 Intracellular containment of C. neoformans is impaired in IL-17A-deficient mice with persistent cryptococcal lung infection. (A to C) Lung sections
obtained from uninfected and infected WT and IL-17A�/� mice were stained with H&E and examined by light microscopy at a magnification of �200 (A) or
�400 (B). At 1 week postinfection (middle panels), fewer lung leukocytes are visible in the lungs of IL-17A�/� mice whereas numerous extracellular cryptococci
can be seen in sections taken from both strains (orange arrows). At week 4 postinfection (right panels), lung sections in WT mice demonstrate loose granulo-
matous inflammation within alveolar spaces consisting of numerous large foamy macrophages and multinucleated giant cells (green arrows); most cryptococci
are located intracellularly. In contrast, lung sections from IL-17A�/� mice contain fewer large macrophages or giant cells and extracellular cryptococci are
common (orange arrows). (C) Total number of extracellular C. neoformans cells per high-powered field observed within lung sections obtained from WT mice
(black bars) and IL-17A�/� mice (white bars) at week 4 postinfection. Data are means � standard errors; bars represent data from 10 high-powered fields per
strain examined at a magnification of �400 in a blinded fashion. ‡, P � 0.05 by unpaired Student t test.
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17A�/� mice at week 1, whereas at week 4, the total number of
eosinophils was actually increased (relative to WT mice). Num-
bers of CD11c� CD11b� myeloid cells (resident alveolar macro-
phages) were comparable at all time points. In contrast, impaired
accumulation of CD11c� CD11b� myeloid cells (dendritic cells
and exudate macrophages) was observed in IL-17A�/� mice (rel-
ative to WT mice) at week 2 postinfection; nonsignificant reduc-
tions were observed at weeks 1 and 3. Collectively, these data in-
dicate that IL-17A contributes to early leukocyte accumulation,
likely through a combined effect on numerous leukocyte subsets,
in response to cryptococcal lung infection.

IL-17A promotes B cell and early CD8 T cell accumulation
but does not affect total CD4 T cell numbers in mice infected
with C. neoformans strain 52D. Host defense against C. neofor-
mans infection results from the interplay between innate and

adaptive immune cells. To determine if IL-17A alters lymphocyte
recruitment in this model, we used flow cytometric analysis to
examine the influx of CD4 T cells, CD8 T cells, and B cells into the
lungs of WT and IL-17A�/� mice either untreated or at 1, 2, 4, and
8 weeks postinfection with strain 52D. As expected from prior
studies (51), the total number of all three lymphocyte subsets in-
creased in infected WT mice (relative to uninfected WT mice [Fig.
5]). In IL-17A�/� mice, CD4 lymphocytes were increased by week
1 and remained elevated, whereas significant increases in CD8 and
B lymphocytes were not observed until week 4 (relative to unin-
fected IL-17A�/� mice) (Fig. 5). Direct comparisons between in-
fected WT mice and IL-17A�/� mice demonstrated that the total
numbers of CD4 T cells were comparable in the two strains of
mice at all time points (Fig. 5, top panel). In contrast, significant
reductions in the numbers of CD8 T cells (at week 1) and B cells (at

FIG 4 Accumulations of total lung leukocytes, including the CD11c� CD11b� myeloid cell subset, are modestly impaired in IL-17A-deficient mice with
persistent cryptococcal lung infection. (A, B) WT C57BL/6 mice and IL-17A�/� mice were infected by the intratracheal route with C. neoformans strain 52D. At
weeks 0 (uninfected), 1, 2, 4, and 8, lungs were removed and enzymatically digested, and lung cells were antibody stained and analyzed by flow cytometric analysis
to identify total leukocytes and leukocyte subsets as described in Materials and Methods. (A) Total CD45� lung leukocytes. (B) Total numbers of neutrophils,
eosinophils, CD11c� CD11b� myeloid cells (which include CD11b� dendritic cells and exudate macrophages), and CD11b� macrophages (which include
resident alveolar macrophages). Black bars, WT mice; white bars, IL-17A�/� mice. Data are means � standard errors obtained from 4 to 6 mice per time point
in two separate experiments. �, P � 0.05 by ANOVA with Dunnett’s post hoc analysis versus day 0 (uninfected) mice of the same strain; ‡, P � 0.05 by unpaired
Student t test between C57BL/6 mice and IL-17A�/� mice at the same time point.
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weeks 1, 2, 4, and 8) were observed in IL-17A�/� mice relative to
WT mice at the same time points (Fig. 5, middle and lower pan-
els). These data indicate that IL-17A contributes to optimal CD8 T
cell and B cell recruitment but does not significantly affect total
CD4 T cell accumulation.

IL-17A is associated with increased IFN-� production by
CD4� T cells and CD8� T cells and the activation of antigen-
presenting cells in mice infected with C. neoformans strain 52D.
Our final objective was to investigate potential cellular and mo-
lecular mechanisms through which IL-17A enhanced fungal clear-
ance and intracellular sequestration in this model system. We
specifically questioned whether IL-17A altered the known rela-
tionships between fungal containment, IFN-� production, and
the activation status of lung dendritic cells and macrophages (56,
57, 60, 61). Using intracellular cytokine staining in conjunction

with flow cytometric analysis, we first evaluated the expression of
IFN-� by CD4 and CD8 T cells at 1, 2, 4, and 8 weeks postinfec-
tion. Infection of WT C57BL/6 mice with C. neoformans strain
52D expands the percentage (Fig. 6A) and total numbers (Fig. 6B)
of CD4 and CD8 T cells expressing IFN-� (relative to uninfected
WT mice); this Th1 component of the T-cell-mediated response is
critical for containment of the infection in C57BL/6 mice and
helps prevent progressive infection and lethal cryptococcal men-
ingitis (11, 13, 22, 52, 62). In the infected IL-17A�/� mice, the
percentage and total numbers of IFN-�� CD4 and CD8 T cells
also increased relative to uninfected IL-17A�/� mice (Fig. 6A and
B), consistent with the relative containment of infection that we
observed in these animals (Fig. 2). However, when direct compar-
isons between infected WT and IL-17A�/� mice were performed
(at each time point), significant reductions in both the percentage
and the total numbers of IFN-�� CD4 T cells were observed in the
IL-17A�/� mice relative to WT mice at week 1 postinfection as
well as a nonsignificant trend noted at week 2. A significant early
reduction in the total number of IFN-�� CD8 T cells was also
observed (at week 1 [Fig. 6B]).

We questioned whether the decrease in IFN-�� CD4� T cells
that we observed in the IL-17A�/� mice 1 week postinfection
could be attributable to a loss of double positive, IFN-�� IL-17�

CD4 T cells, a unique but relatively rare T cell population that we
had previously identified as expanding in the lungs of mice repet-
itively challenged with A. fumigatus (54). Although these cells
could not be identified in IL-17A�/� mice (due to the absence of
the IL-17A gene), we were able to identify a relatively small pop-
ulation of IFN-�� IL-17� CD4 T cells in the lungs of uninfected
C57BL/6 mice and observed that their percentage (Fig. 7A) and
total number (Fig. 7B) had significantly increased at 8 weeks
postinfection. However, the paucity of this population, especially
at week 1 postinfection (approximately 2,000 cells), suggests that
the observed decrease of approximately 200,000 IFN-�� T cells
observed in IL-17A-deficient mice relative to WT mice 1 week
postinfection (Fig. 6B) cannot be accounted for by the loss of this
population alone.

This observed decrease in IFN-� production by lung T cells in
concert with impaired fungal clearance suggested that the activa-
tion of lung dendritic cells and macrophages might be altered in
IL-17A-deficient mice. We evaluated the expression of MHC-II
and the costimulatory molecules CD80 and CD86, as their in-
creased expression by lung dendritic cells is positively associated
with Th1 polarization and increased expression on lung macro-
phages correlates with enhanced fungicidal activity (39, 61, 63).
Expression of these markers was evaluated on both the CD11c�

CD11b� myeloid cells (which include resident alveolar macro-
phages) and the CD11c� CD11b� myeloid cells (which include
monocyte-derived dendritic cells and exudate macrophages) from
uninfected WT and IL-17A�/� mice and at 1, 2, 4, and 8 weeks
following infection with C. neoformans strain 52D. Within the
population of CD11c� CD11b� myeloid cells, we observed an
increase in MHC-II expression that did not differ between cells
obtained from WT or IL-17A�/� mice, whereas a small reduction
in the expression of CD86 (in IL-17A�/� mice) was identified at
week 4 (Fig. 8A). In contrast, our comparative analysis on the
population of CD11c� CD11b� myeloid cells revealed more-sub-
stantial findings. Specifically, whereas MHC-II expression in-
creased over time in these cells in both strains of mice, expression
was significantly reduced in the IL-17A�/� mice (relative to WT

FIG 5 Accumulation of CD8 T cells and B cells but not CD4 T cells is impaired
in IL-17A-deficient mice with persistent cryptococcal lung infection. WT
C57BL/6 mice and IL-17A�/� mice were infected by the intratracheal route
with C. neoformans strain 52D. At weeks 0 (uninfected), 1, 2, 4, and 8, lungs
were removed and enzymatically digested, and lung cells were antibody stained
and analyzed by flow cytometric analysis to identify the number of CD4 T cells
(top panel), CD8 T cells (middle panel), and B cells (bottom panel) as de-
scribed in Materials and Methods. Black bars, WT mice; white bars, IL-17A�/�

mice. Data are means � standard errors obtained from 4 to 6 mice per time
point in two separate experiments. �, P � 0.05 by ANOVA with Dunnett’s post
hoc analysis versus day 0 (uninfected) mice of the same strain; ‡, P � 0.05 by
unpaired Student t test between C57BL/6 mice and IL-17A�/� mice at the
same time point.
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mice) at 2 and 4 weeks postinfection (Fig. 8B). Significant reduc-
tions were also observed for CD80 (weeks 2 and 4) and CD86
(week 4). Collectively, these findings suggest that IL-17A directly
or indirectly enhances the production of IFN-� by lung CD4 and
CD8 T cells and the activation of lung dendritic cells and macro-
phages.

DISCUSSION

The current study investigated the role of IL-17A in pulmonary
host defense against a moderately virulent strain of C. neoformans
that causes a persistent infection in C57BL/6 mice. We demon-
strate that the frequency and total numbers of lung Th17 cells
expand during the course of infection in WT mice. Infection in
IL-17A�/� mice (relative to WT mice) results in (i) increases in
fungal burden and extracellular cryptococci in the lung; (ii) no
change in 8-week survival; (iii) decreased accumulation of total
lung leukocytes, including reductions in CD11c� CD11b� my-
eloid cells (dendritic cells and exudate macrophages), CD8 T cells,
and B cells; (iv) specific decreases in the numbers of IFN-�-pro-
ducing CD4 and CD8 T cells; and (v) diminished expression of
MHC-II, CD80, and CD86 on CD11c� CD11b� myeloid cells.
Collectively, we identify Th1 polarization and macrophage and
dendritic cell activation as two related cellular and molecular
mechanisms through which IL-17A exerts a beneficial effect in a
model of persistent cryptococcal lung infection.

This series of experiments provides some answers to an impor-
tant question not previously investigated in prior studies of cryp-

tococcal lung infection. Namely, what is the role of IL-17A in
response to a moderately virulent and encapsulated strain of C.
neoformans (strain 52D) in a model that recapitulates many fea-
tures of fungal lung infection in immunocompetent (or mildly
compromised) human hosts? Our results show that infection with
strain 52D is associated with a substantial expansion of Th17 cells.
This novel finding further illustrates the complexity of the evolv-
ing adaptive immune response in this model, which previously
had been best characterized as a mixed Th1 and Th2 response. Our
data provide evidence that a Th17 response is initiated within the
first week of infection, at which time host defenses are dominated
by a robust but relatively ineffective innate immune response.
Thereafter, the Th17 response increases further, perhaps due to
the influx of CD11c� CD11b� antigen-presenting cells, with an
additional 3-fold increase in total numbers of Th17 cells observed
at week 4 postinfection that persists to week 8. Although other
cells can produce IL-17A, our data suggest that Th17 cells were
likely the primary source of IL-17A in this model, as the percent-
age of non-CD4 T cells staining for intracellular IL-17A was low
(
2%) and did not increase, in contrast to the substantial increase
in CD4 T cells staining for IL-17A (which increased from 2% to
6%).

Our studies of fungal clearance revealed additional novel find-
ings. First, we show that the absence of IL-17A did not affect fun-
gal growth in the early, primarily innate phase of the infection (up
to 2 weeks postinfection [Fig. 3]). Yet by week 4 postinfection, and

FIG 6 The percentages and total numbers of CD4 and CD8 T cells producing IFN-� are impaired in the lungs of infected IL-17A-deficient mice with persistent
cryptococcal lung infection. (A, B) WT C57BL/6 mice and IL-17A�/� mice were infected by the intratracheal route with C. neoformans strain 52D. At weeks 0
(uninfected), 1, 2, 4, and 8, lungs were removed and enzymatically digested, and lung cells were antibody stained and analyzed by flow cytometric analysis to
identify the percentage (A) and total number (B) of CD4 T cells (left panels) and CD8 T cells (right panels) expressing intracellular IFN-� as described in Materials
and Methods. Black bars, WT mice; white bars, IL-17A�/� mice. Data are means � standard errors obtained from 4 to 6 mice per time point in two separate
experiments. �, P � 0.05 by ANOVA with Dunnett’s post hoc analysis versus day 0 (uninfected) mice of the same strain; ‡, P � 0.05 by unpaired Student t test
between C57BL/6 mice and IL-17A�/� mice at the same time point.
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continuing to week 8, we observed that fungal clearance was im-
paired in the IL-17A-deficient mice, suggesting that IL-17A plays a
role in protective adaptive immunity. This effect on late (but not
early) fungal clearance parallels those reported by Deepe et al. in a
study evaluating the effect of antibody-mediated neutralization of
IL-17A in a model of chronic H. capsulatum infection (32). The
manner in which IL-17A signaling is disrupted may be important,
as in contrast to our study, a report by Szymczak et al. noted no
impairment in fungal clearance in IL-17 receptor A-deficient mice
(IL-17RA�/� mice; C57BL/6 genetic background) infected with
C. neoformans strain 52D (44). Yet both our study and theirs pro-
vide evidence that IL-17A may help contain the organism within
the lung. We observed a trend toward increased CNS dissemina-
tion in infected IL-17A�/� mice, whereas they showed evidence of
increased organisms within the peripheral blood of persistently
infected IL-17RA�/� mice. However, despite this evidence that
IL-17A enhances antifungal defenses in the lung, neither the cur-
rent study nor the previous two studies of chronic fungal lung
infection were able to show that IL-17A signaling was essential for
survival during the time periods studied. Thus, IL-17A contrib-
utes to pulmonary clearance of a moderately virulent strain of
cryptococcus, yet other protective mechanisms remain active even
in its absence.

Our analysis of the microanatomic pattern of the response to
infection of WT and IL-17A�/� mice yielded important insights
into the potential cellular and molecular mechanisms accounting
for the beneficial effect of IL-17A observed in this model. We
observed that the number of leukocytes accumulating within the
lungs of IL-17A�/� mice was diminished relative to that seen in
WT mice during the early phase of infection. These data are con-
sistent with other reports showing that IL-17A can enhance the
recruitment of multiple leukocyte subsets to sites of infection (27,

FIG 7 A small number of CD4 T cells expressing both IL-17A and IFN-� accu-
mulate in the lungs of C57BL/6 mice with persistent cryptococcal lung infection.
C57BL/6 mice were infected by the intratracheal route with C. neoformans strain
52D. At weeks 0 (uninfected), 1, 2, 4, and 8, lungs were removed and enzymat-
ically digested, and lung cells were antibody stained and analyzed by flow
cytometric analysis to identify CD4 T cells expressing both intracellular IL-17A
and IFN-�. (A) Percentage of CD4 T cells expressing IL-17A and IFN-�. (B)
Total number of CD4 T cells expressing IL-17A and IFN-�. Data are means �
standard errors obtained from 4 to 6 mice per time point in two separate
experiments. �, P � 0.05 by ANOVA with Dunnett’s post hoc analysis versus
day 0 (uninfected) mice.

FIG 8 Expression of MHC-II and costimulatory molecules by lung macrophages and dendritic cells is impaired in the lungs of infected IL-17A-deficient mice with
persistent cryptococcal lung infection. (A, B) WT C57BL/6 mice and IL-17A�/� mice were infected by the intratracheal route with C. neoformans strain 52D. At weeks
0 (uninfected), 1, 2, 4, and 8, lungs were removed and enzymatically digested, and lung cells were antibody stained and analyzed by flow cytometric analysis to
identify the percent expression of MHC-II and the costimulatory molecules CD80 and CD86 by CD11c� CD11b� myeloid cells (resident alveolar macrophages)
(A) and CD11c� CD11b� myeloid cells (dendritic cells and exudate macrophages) (B) as described in Materials and Methods. Black bars, WT mice; white bars,
IL-17A�/� mice. Data are means � standard errors obtained from 4 to 6 mice per time point in two separate experiments. �, P � 0.05 by ANOVA with Dunnett’s
post hoc analysis versus day 0 (uninfected) mice of the same strain; ‡, P � 0.05 by unpaired Student’s t test between C57BL/6 mice and IL-17A�/� mice at the same
time point.
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64, 65). Our analysis using flow cytometric analysis confirmed this
finding, and our subset analysis suggested that IL-17A mediated a
nonsignificant increase in lung neutrophils and eosinophils (at
week 1 postinfection), and a significant increase in CD11c�

CD11b� myeloid cells (at week 2 postinfection) in response to
infection. Furthermore, IL-17A influenced the recruitment of
cells associated with the adaptive immune response, specifically,
CD8 T cells and B cells. Thus, IL-17A contributes to lung leuko-
cyte recruitment in response to cryptococcal lung infection with
strain 52D. Whether IL-17A altered leukocyte recruitment
through direct effects on cell migration or indirectly via effects
mediated by chemokines and chemokine receptors (56, 57) re-
mains uncertain but warrants additional investigation in future
studies.

The presence of numerous extracellular cryptococci in the
lungs of IL-17A�/� mice at 4 weeks postinfection was a second
and striking finding resulting from our histopathologic analysis.
This observation was very reminiscent of the numerous extracel-
lular cryptococci that we identified in the lungs of mice deficient in
either granulocyte-macrophage colony-stimulating factor (GM-
CSF), a dendritic cell (DC) and exudate macrophage growth and
differentiation factor, or in CD40, an important costimulatory
molecule (51, 52). In those studies, the presence of numerous
extracellular cryptococci was highly associated with reductions in
IFN-� and impairments in myeloid cell activation. This led us to
question whether IFN-� production was diminished in IL-17A-
deficient mice. Our findings using intracellular staining for IFN-�
on both CD4 T cells and CD8 T cells confirmed this hypothesis.
Prior studies in our lab have revealed a strong association between
IFN-� production by T cells and activation of lung myeloid cells.
Here we advance our prior observations by demonstrating an as-
sociation with IL-17A and the expression of MHC-II, CD80, and
CD86 on lung CD11c� CD11b� myeloid cells (56, 63). Thus, the
reduced MHC-II and costimulatory molecule expression on lung
DC could explain the reduction in IFN-�-producing T cells in
IL-17A-deficient mice, consistent with our other studies linking
impaired DC maturation with reductions in Th1 polarization (61,
62, 66). Since B cells can also function as antigen-presenting cells,
it is possible that their diminished numbers in infected IL-17A�/�

mice further contributed to our observed reduction in IFN-�-
producing T cells. Since IFN-� is critical for the activation and
fungicidal capabilities of lung macrophages (57), we believe that
the reduced expression of MHC-II, CD80, and CD86 observed on
CD11c� CD11b� cells could also reflect decreased local activation
of exudate macrophages. Reductions in local concentrations of
IFN-� and IL-17A would also be expected to reduce intracellular
cryptococcal proliferation (67). Collectively, these studies suggest
that intracellular containment of strain 52D relies on the com-
bined effects of IL-17A, IFN-�, and activated myeloid cells.

Our observed findings complement studies investigating the
host response to either the highly virulent strain of C. neoformans,
H99, or the attenuated strains derived from H99 (H99� and
�lac1), which are much less virulent (39, 60, 68). The original
study by Wormley et al. demonstrated that infection with H99�, a
strain engineered to produce IFN-�, enhanced lung IL-17A pro-
duction and increased MHC-II expression by leukocytes (36).
Likewise, infection with �lac1 (laccase-deficient H99) resulted in
increased pulmonary Th17 T cell recruitment, pulmonary IL-17A
induction, and upregulation of MHC-II by macrophages (39).
Lastly, Wozniak et al. demonstrated that antibody-mediated

blockade of IL-17A impaired clearance of H99� in BALB/c mice,
although the rate of fungal dissemination to the CNS did not differ
in the absence of IL-17 signaling (determined in their study using
IL-17RA-deficient mice [68]). Thus, our findings and those ob-
tained using strain H99� suggest a strong interrelationship be-
tween IL-17A, IFN-�, and the activation of lung dendritic cells
and exudate macrophages in the containment or clearance of
cryptococcal lung infection.

In summary, our findings further clarify the protective role of
IL-17A in host defense against a moderately virulent strain of C.
neoformans in C57BL/6 mice. In concert with IFN-�, IL-17A en-
hances intracellular containment of the organism within activated
lung macrophages, thereby reducing the opportunity for CNS dis-
semination. The insights gained from these studies are important,
as therapeutic strategies designed to augment or suppress IL-17A
production are being developed to treat a wide spectrum of infec-
tious, autoimmune, and inflammatory diseases. Our findings sug-
gest that therapies that suppress IL-17A may increase susceptibil-
ity to C. neoformans while enhancing IL-17A production might be
beneficial in the treatment of cryptococcal lung infections.

ACKNOWLEDGMENTS

We thank members of the Olszewski and Huffnagle labs for feedback
regarding data. We also thank Jeffrey Curtis for helpful discussions on this
project.

This work was supported in part by Career Development Award-2
(J.J.O.) and Merit Review Awards (M.A.O) from the Biomedical Labora-
tory Research & Development Service, Department of Veterans Affairs.
Further funding was provided by the Multidisciplinary Training Program
in Pulmonary Diseases (PHS T32-HL07749-19).

We have no conflicting financial interests in this project.

REFERENCES
1. Kwon-Chung KJ, Bennett JE. 1984. Epidemiologic differences between

the two varieties of Cryptococcus neoformans. Am. J. Epidemiol. 120:
123–130.

2. Franzot SP, Hamdan JS, Currie BP, Casadevall A. 1997. Molecular
epidemiology of Cryptococcus neoformans in Brazil and the United
States: evidence for both local genetic differences and a global clonal pop-
ulation structure. J. Clin. Microbiol. 35:2243–2251.

3. Chen LC, Goldman DL, Doering TL, Pirofski L, Casadevall A. 1999.
Antibody response to Cryptococcus neoformans proteins in rodents and
humans. Infect. Immun. 67:2218 –2224.

4. Park BJ, Wannemuehler KA, Marston BJ, Govender N, Pappas PG,
Chiller TM. 2009. Estimation of the current global burden of cryptococcal
meningitis among persons living with HIV/AIDS. AIDS 23:525–530. http:
//dx.doi.org/10.1097/QAD.0b013e328322ffac.

5. Li SS, Mody CH. 2010. Cryptococcus. Proc. Am. Thorac. Soc. 7:186 –196.
http://dx.doi.org/10.1513/pats.200907-063AL.

6. Goldman DL, Khine H, Abadi J, Lindenberg DJ, Pirofski L, Niang R,
Casadevall A. 2001. Serologic evidence for Cryptococcus neoformans
infection in early childhood. Pediatrics 107:E66. http://dx.doi.org/10
.1542/peds.107.5.e66.

7. Aberg JA, Mundy LM, Powderly WG. 1999. Pulmonary cryptococcosis
in patients without HIV infection. Chest 115:734 –740. http://dx.doi.org
/10.1378/chest.115.3.734.

8. Brizendine KD, Baddley JW, Pappas PG. 2011. Pulmonary cryptococ-
cosis. Semin. Respir. Crit. Care Med. 32:727–734. http://dx.doi.org/10
.1055/s-0031-1295720.

9. Huffnagle GB, Lipscomb MF. 1992. Pulmonary cryptococcosis. Am. J.
Pathol. 141:1517–1520.

10. Olszewski MA, Zhang Y, Huffnagle GB. 2010. Mechanisms of crypto-
coccal virulence and persistence. Future Microbiol. 5:1269 –1288. http:
//dx.doi.org/10.2217/fmb.10.93.

11. Arora S, Olszewski MA, Tsang TM, McDonald RA, Toews GB,
Huffnagle GB. 2011. Effect of cytokine interplay on macrophage po-
larization during chronic pulmonary infection with Cryptococcus

Murdock et al.

946 iai.asm.org Infection and Immunity

http://dx.doi.org/10.1097/QAD.0b013e328322ffac
http://dx.doi.org/10.1097/QAD.0b013e328322ffac
http://dx.doi.org/10.1513/pats.200907-063AL
http://dx.doi.org/10.1542/peds.107.5.e66
http://dx.doi.org/10.1542/peds.107.5.e66
http://dx.doi.org/10.1378/chest.115.3.734
http://dx.doi.org/10.1378/chest.115.3.734
http://dx.doi.org/10.1055/s-0031-1295720
http://dx.doi.org/10.1055/s-0031-1295720
http://dx.doi.org/10.2217/fmb.10.93
http://dx.doi.org/10.2217/fmb.10.93
http://iai.asm.org


neoformans. Infect. Immun. 79:1915–1926. http://dx.doi.org/10.1128
/IAI.01270-10.

12. Hoag KA, Street NE, Huffnagle GB, Lipscomb MF. 1995. Early cytokine
production in pulmonary Cryptococcus neoformans infections distin-
guishes susceptible and resistant mice. Am. J. Respir. Cell Mol. Biol. 13:
487– 495. http://dx.doi.org/10.1165/ajrcmb.13.4.7546779.

13. Chen GH, McDonald RA, Wells JC, Huffnagle GB, Lukacs NW, Toews
GB. 2005. The gamma interferon receptor is required for the protective
pulmonary inflammatory response to Cryptococcus neoformans. Infect.
Immun. 73:1788–1796. http://dx.doi.org/10.1128/IAI.73.3.1788-1796.2005.

14. Hoag KA, Lipscomb MF, Izzo AA, Street NE. 1997. IL-12 and IFN-
gamma are required for initiating the protective Th1 response to pulmo-
nary cryptococcosis in resistant C.B-17 mice. Am. J. Respir. Cell Mol. Biol.
17:733–739. http://dx.doi.org/10.1165/ajrcmb.17.6.2879.

15. Decken K, Kohler G, Palmer-Lehmann K, Wunderlin A, Mattner F,
Magram J, Gately MK, Alber G. 1998. Interleukin-12 is essential for a
protective Th1 response in mice infected with Cryptococcus neoformans.
Infect. Immun. 66:4994 –5000.

16. Kawakami K, Qureshi MH, Zhang T, Koguchi Y, Shibuya K, Naoe S,
Saito A. 1999. Interferon-gamma (IFN-gamma)-dependent protection
and synthesis of chemoattractants for mononuclear leucocytes caused by
IL-12 in the lungs of mice infected with Cryptococcus neoformans. Clin.
Exp. Immunol. 117:113–122.

17. Pietrella D, Lupo P, Bistoni F, Vecchiarelli A. 2004. An early imbalance
of interleukin 12 influences the adjuvant effect of mannoproteins of Cryp-
tococcus neoformans. Cell. Microbiol. 6:883– 891. http://dx.doi.org/10
.1111/j.1462-5822.2004.00411.x.

18. Koguchi Y, Kawakami K. 2002. Cryptococcal infection and Th1-Th2
cytokine balance. Int. Rev. Immunol. 21:423– 438. http://dx.doi.org/10
.1080/08830180213274.

19. Blackstock R, Murphy JW. 2004. Role of interleukin-4 in resistance to
Cryptococcus neoformans infection. Am. J. Respir. Cell Mol. Biol. 30:
109 –117. http://dx.doi.org/10.1165/rcmb.2003-0156OC.

20. Kawakami K, Hossain Qureshi M, Zhang T, Koguchi Y, Xie Q, Ku-
rimoto M, Saito A. 1999. Interleukin-4 weakens host resistance to pul-
monary and disseminated cryptococcal infection caused by combined
treatment with interferon-gamma-inducing cytokines. Cell. Immunol.
197:55– 61. http://dx.doi.org/10.1006/cimm.1999.1557.

21. Huffnagle GB, McNeil LK. 1999. Dissemination of C. neoformans to the
central nervous system: role of chemokines, Th1 immunity and leukocyte
recruitment. J. Neurovirol. 5:76 – 81. http://dx.doi.org/10.3109/1355028
9909029748.

22. Arora S, Hernandez Y, Erb-Downward JR, McDonald RA, Toews GB,
Huffnagle GB. 2005. Role of IFN-gamma in regulating T2 immunity and
the development of alternatively activated macrophages during allergic
bronchopulmonary mycosis. J. Immunol. 174:6346 – 6356. http://www
.jimmunol.org/content/174/10/6346.

23. Muller U, Stenzel W, Kohler G, Werner C, Polte T, Hansen G, Schutze
N, Straubinger RK, Blessing M, McKenzie AN, Brombacher F, Alber G.
2007. IL-13 induces disease-promoting type 2 cytokines, alternatively ac-
tivated macrophages and allergic inflammation during pulmonary infec-
tion of mice with Cryptococcus neoformans. J. Immunol. 179:5367–5377.
http://www.jimmunol.org/content/179/8/5367.

24. Stockinger B, Veldhoen M, Martin B. 2007. Th17 T cells: linking innate
and adaptive immunity. Semin. Immunol. 19:353–361. http://dx.doi.org
/10.1016/j.smim.2007.10.008.

25. Nembrini C, Marsland BJ, Kopf M. 2009. IL-17-producing T cells in lung
immunity and inflammation. J. Allergy Clin. Immunol. 123:986 –994,
995–996. http://dx.doi.org/10.1016/j.jaci.2009.03.033.

26. McKenzie BS, Kastelein RA, Cua DJ. 2006. Understanding the IL-23-
IL-17 immune pathway. Trends Immunol. 27:17–23. http://dx.doi.org/10
.1016/j.it.2005.10.003.

27. Murdock BJ, Falkowski NR, Shreiner AB, Sadighi Akha AA, McDonald
RA, White ES, Toews GB, Huffnagle GB. 2012. Interleukin-17 drives
pulmonary eosinophilia following repeated exposure to Aspergillus fu-
migatus conidia. Infect. Immun. 80:1424 –1436. http://dx.doi.org/10
.1128/IAI.05529-11.

28. Werner JL, Metz AE, Horn D, Schoeb TR, Hewitt MM, Schwiebert LM,
Faro-Trindade I, Brown GD, Steele C. 2009. Requisite role for the dectin-1
beta-glucan receptor in pulmonary defense against Aspergillus fumigatus. J.
Immunol. 182:4938–4946. http://dx.doi.org/10.4049/jimmunol.0804250.

29. Huang W, Na L, Fidel PL, Schwarzenberger P. 2004. Requirement of

interleukin-17A for systemic anti-Candida albicans host defense in mice.
J. Infect. Dis. 190:624 – 631. http://dx.doi.org/10.1086/422329.

30. Conti HR, Shen F, Nayyar N, Stocum E, Sun JN, Lindemann MJ, Ho
AW, Hai JH, Yu JJ, Jung JW, Filler SG, Masso-Welch P, Edgerton M,
Gaffen SL. 2009. Th17 cells and IL-17 receptor signaling are essential for
mucosal host defense against oral candidiasis. J. Exp. Med. 206:299 –311.
http://dx.doi.org/10.1084/jem.20081463.

31. Rudner XL, Happel KI, Young EA, Shellito JE. 2007. Interleukin-23
(IL-23)-IL-17 cytokine axis in murine Pneumocystis carinii infection. In-
fect. Immun. 75:3055–3061. http://dx.doi.org/10.1128/IAI.01329-06.

32. Deepe GS, Jr, Gibbons RS. 2009. Interleukins 17 and 23 influence the host
response to Histoplasma capsulatum. J. Infect. Dis. 200:142–151. http:
//dx.doi.org/10.1086/599333.

33. Kroetz DN, Deepe GS, Jr. 2010. CCR5 dictates the equilibrium of proinflam-
matory IL-17� and regulatory Foxp3� T cells in fungal infection. J. Immu-
nol. 184:5224–5231. http://dx.doi.org/10.4049/jimmunol.1000032.

34. Nanjappa SG, Heninger E, Wuthrich M, Gasper DJ, Klein BS. 2012.
Tc17 cells mediate vaccine immunity against lethal fungal pneumonia in
immune deficient hosts lacking CD4� T cells. PLoS Pathog. 8:e1002771.
http://dx.doi.org/10.1371/journal.ppat.1002771.

35. Wuthrich M, Gern B, Hung CY, Ersland K, Rocco N, Pick-Jacobs J,
Galles K, Filutowicz H, Warner T, Evans M, Cole G, Klein B. 2011.
Vaccine-induced protection against 3 systemic mycoses endemic to North
America requires Th17 cells in mice. J. Clin. Invest. 121:554 –568. http:
//dx.doi.org/10.1172/JCI43984.

36. Wormley FL, Jr, Perfect JR, Steele C, Cox GM. 2007. Protection against
cryptococcosis by using a murine gamma interferon-producing Crypto-
coccus neoformans strain. Infect. Immun. 75:1453–1462. http://dx.doi
.org/10.1128/IAI.00274-06.

37. Zhang Y, Wang F, Tompkins KC, McNamara A, Jain AV, Moore BB,
Toews GB, Huffnagle GB, Olszewski MA. 2009. Robust Th1 and Th17
immunity supports pulmonary clearance but cannot prevent systemic dis-
semination of highly virulent Cryptococcus neoformans H99. Am. J.
Pathol. 175:2489 –2500. http://dx.doi.org/10.2353/ajpath.2009.090530.

38. Valdez PA, Vithayathil PJ, Janelsins BM, Shaffer AL, Williamson PR,
Datta SK. 2012. Prostaglandin E2 suppresses antifungal immunity by
inhibiting interferon regulatory factor 4 function and interleukin-17 ex-
pression in T cells. Immunity 36:668 – 679. http://dx.doi.org/10.1016/j
.immuni.2012.02.013.

39. Qiu Y, Davis MJ, Dayrit JK, Hadd Z, Meister DL, Osterholzer JJ,
Williamson PR, Olszewski MA. 2012. Immune modulation mediated by
cryptococcal laccase promotes pulmonary growth and brain dissemina-
tion of virulent Cryptococcus neoformans in mice. PLoS One 7:e47853.
http://dx.doi.org/10.1371/journal.pone.0047853.

40. Feldmesser M, Kress Y, Casadevall A. 1998. Effect of antibody to capsular
polysaccharide on eosinophilic pneumonia in murine infection with
Cryptococcus neoformans. J. Infect. Dis. 177:1639 –1646. http://dx.doi
.org/10.1086/515314.

41. Kawakami K, Kinjo Y, Yara S, Koguchi Y, Uezu K, Nakayama T,
Taniguchi M, Saito A. 2001. Activation of Valpha14(�) natural killer T
cells by alpha-galactosylceramide results in development of Th1 response
and local host resistance in mice infected with Cryptococcus neoformans.
Infect. Immun. 69:213–220. http://dx.doi.org/10.1128/IAI.69.1.213-220
.2001.

42. Kawakami K, Kinjo Y, Yara S, Uezu K, Koguchi Y, Tohyama M, Azuma
M, Takeda K, Akira S, Saito A. 2001. Enhanced gamma interferon
production through activation of Valpha14(�) natural killer T cells by
alpha-galactosylceramide in interleukin-18-deficient mice with systemic
cryptococcosis. Infect. Immun. 69:6643– 6650. http://dx.doi.org/10.1128
/IAI.69.11.6643-6650.2001.

43. Humphreys IR, Edwards L, Walzl G, Rae AJ, Dougan G, Hill S, Hussell
T. 2003. OX40 ligation on activated T cells enhances the control of Cryp-
tococcus neoformans and reduces pulmonary eosinophilia. J. Immunol.
170:6125– 6132. http://www.jimmunol.org/content/170/12/6125.

44. Szymczak WA, Sellers RS, Pirofski LA. 2012. IL-23 dampens the allergic
response to Cryptococcus neoformans through IL-17-independent and
-dependent mechanisms. Am. J. Pathol. 180:1547–1559. http://dx.doi.org
/10.1016/j.ajpath.2011.12.038.

45. Hsu LY, Ng ES, Koh LP. 2010. Common and emerging fungal pulmonary
infections. Infect. Dis. Clin. North Am. 24:557–577. http://dx.doi.org/10
.1016/j.idc.2010.04.003.

46. Arora S, Huffnagle GB. 2005. Immune regulation during allergic bron-

IL-17A and Cryptococcal Lung Infection

March 2014 Volume 82 Number 3 iai.asm.org 947

http://dx.doi.org/10.1128/IAI.01270-10
http://dx.doi.org/10.1128/IAI.01270-10
http://dx.doi.org/10.1165/ajrcmb.13.4.7546779
http://dx.doi.org/10.1128/IAI.73.3.1788-1796.2005
http://dx.doi.org/10.1165/ajrcmb.17.6.2879
http://dx.doi.org/10.1111/j.1462-5822.2004.00411.x
http://dx.doi.org/10.1111/j.1462-5822.2004.00411.x
http://dx.doi.org/10.1080/08830180213274
http://dx.doi.org/10.1080/08830180213274
http://dx.doi.org/10.1165/rcmb.2003-0156OC
http://dx.doi.org/10.1006/cimm.1999.1557
http://dx.doi.org/10.3109/13550289909029748
http://dx.doi.org/10.3109/13550289909029748
http://www.jimmunol.org/content/174/10/6346
http://www.jimmunol.org/content/174/10/6346
http://www.jimmunol.org/content/179/8/5367
http://dx.doi.org/10.1016/j.smim.2007.10.008
http://dx.doi.org/10.1016/j.smim.2007.10.008
http://dx.doi.org/10.1016/j.jaci.2009.03.033
http://dx.doi.org/10.1016/j.it.2005.10.003
http://dx.doi.org/10.1016/j.it.2005.10.003
http://dx.doi.org/10.1128/IAI.05529-11
http://dx.doi.org/10.1128/IAI.05529-11
http://dx.doi.org/10.4049/jimmunol.0804250
http://dx.doi.org/10.1086/422329
http://dx.doi.org/10.1084/jem.20081463
http://dx.doi.org/10.1128/IAI.01329-06
http://dx.doi.org/10.1086/599333
http://dx.doi.org/10.1086/599333
http://dx.doi.org/10.4049/jimmunol.1000032
http://dx.doi.org/10.1371/journal.ppat.1002771
http://dx.doi.org/10.1172/JCI43984
http://dx.doi.org/10.1172/JCI43984
http://dx.doi.org/10.1128/IAI.00274-06
http://dx.doi.org/10.1128/IAI.00274-06
http://dx.doi.org/10.2353/ajpath.2009.090530
http://dx.doi.org/10.1016/j.immuni.2012.02.013
http://dx.doi.org/10.1016/j.immuni.2012.02.013
http://dx.doi.org/10.1371/journal.pone.0047853
http://dx.doi.org/10.1086/515314
http://dx.doi.org/10.1086/515314
http://dx.doi.org/10.1128/IAI.69.1.213-220.2001
http://dx.doi.org/10.1128/IAI.69.1.213-220.2001
http://dx.doi.org/10.1128/IAI.69.11.6643-6650.2001
http://dx.doi.org/10.1128/IAI.69.11.6643-6650.2001
http://www.jimmunol.org/content/170/12/6125
http://dx.doi.org/10.1016/j.ajpath.2011.12.038
http://dx.doi.org/10.1016/j.ajpath.2011.12.038
http://dx.doi.org/10.1016/j.idc.2010.04.003
http://dx.doi.org/10.1016/j.idc.2010.04.003
http://iai.asm.org


chopulmonary mycosis: lessons taught by two fungi. Immunol. Res. 33:
53– 68. http://dx.doi.org/10.1385/IR:33:1:053.

47. Kennedy CC, Limper AH. 2007. Redefining the clinical spectrum of
chronic pulmonary histoplasmosis: a retrospective case series of 46 pa-
tients. Medicine (Baltimore) 86:252–258. http://dx.doi.org/10.1097/MD
.0b013e318144b1d9.

48. Klein BS, Vergeront JM, Weeks RJ, Kumar UN, Mathai G, Varkey B,
Kaufman L, Bradsher RW, Stoebig JF, Davis JP. 1986. Isolation of
Blastomyces dermatitidis in soil associated with a large outbreak of blas-
tomycosis in Wisconsin. N. Engl. J. Med. 314:529 –534. http://dx.doi.org
/10.1056/NEJM198602273140901.

49. Stevens DA, Rendon A, Gaona-Flores V, Catanzaro A, Anstead GM,
Pedicone L, Graybill JR. 2007. Posaconazole therapy for chronic refrac-
tory coccidioidomycosis. Chest 132:952–958. http://dx.doi.org/10.1378
/chest.07-0114.

50. Felton TW, Baxter C, Moore CB, Roberts SA, Hope WW, Denning
DW. 2010. Efficacy and safety of posaconazole for chronic pulmonary
aspergillosis. Clin. Infect. Dis. 51:1383–1391. http://dx.doi.org/10.1086
/657306.

51. Chen GH, Olszewski MA, McDonald RA, Wells JC, Paine R, III,
Huffnagle GB, Toews GB. 2007. Role of granulocyte macrophage colony-
stimulating factor in host defense against pulmonary Cryptococcus neo-
formans infection during murine allergic bronchopulmonary mycosis.
Am. J. Pathol. 170:1028 –1040. http://dx.doi.org/10.2353/ajpath.2007
.060595.

52. Chen GH, Osterholzer JJ, Choe MY, McDonald RA, Olszewski MA,
Huffnagle GB, Toews GB. 2010. Dual roles of CD40 on microbial con-
tainment and the development of immunopathology in response to per-
sistent fungal infection in the lung. Am. J. Pathol. 177:2459 –2471. http:
//dx.doi.org/10.2353/ajpath.2010.100141.

53. Nakae S, Komiyama Y, Nambu A, Sudo K, Iwase M, Homma I,
Sekikawa K, Asano M, Iwakura Y. 2002. Antigen-specific T cell sensiti-
zation is impaired in IL-17-deficient mice, causing suppression of allergic
cellular and humoral responses. Immunity 17:375–387. http://dx.doi.org
/10.1016/S1074-7613(02)00391-6.

54. Murdock BJ, Shreiner AB, McDonald RA, Osterholzer JJ, White ES, Toews
GB, Huffnagle GB. 2011. Coevolution of TH1, TH2, and TH17 responses
during repeated pulmonary exposure to Aspergillus fumigatus conidia. In-
fect. Immun. 79:125–135. http://dx.doi.org/10.1128/IAI.00508-10.

55. Shreiner AB, Murdock BJ, Sadighi Akha AA, Falkowski NR, Christensen
PJ, White ES, Hogaboam CM, Huffnagle GB. 2012. Repeated exposure to
Aspergillus fumigatus conidia results in CD4� T cell-dependent and -inde-
pendent pulmonary arterial remodeling in a mixed Th1/Th2/Th17 microen-
vironment that requires interleukin-4 (IL-4) and IL-10. Infect. Immun. 80:
388–397. http://dx.doi.org/10.1128/IAI.05530-11.

56. Osterholzer JJ, Chen GH, Olszewski MA, Curtis JL, Huffnagle GB,
Toews GB. 2009. Accumulation of CD11b� lung dendritic cells in re-
sponse to fungal infection results from the CCR2-mediated recruitment
and differentiation of Ly-6Chigh monocytes. J. Immunol. 183:8044 –
8053. http://dx.doi.org/10.4049/jimmunol.0902823.

57. Osterholzer JJ, Chen GH, Olszewski MA, Zhang YM, Curtis JL,

Huffnagle GB, Toews GB. 2011. Chemokine receptor 2-mediated accu-
mulation of fungicidal exudate macrophages in mice that clear cryptococ-
cal lung infection. Am. J. Pathol. 178:198 –211. http://dx.doi.org/10.1016
/j.ajpath.2010.11.006.

58. Huffnagle GB, Yates JL, Lipscomb MF. 1991. T cell-mediated immunity
in the lung: a Cryptococcus neoformans pulmonary infection model using
SCID and athymic nude mice. Infect. Immun. 59:1423–1433.

59. Huffnagle GB, Yates JL, Lipscomb MF. 1991. Immunity to a pulmonary
Cryptococcus neoformans infection requires both CD4� and CD8� T
cells. J. Exp. Med. 173:793– 800. http://dx.doi.org/10.1084/jem.173.4.793.

60. Hardison SE, Ravi S, Wozniak KL, Young ML, Olszewski MA, Wormley
FL, Jr. 2010. Pulmonary infection with an interferon-gamma-producing
Cryptococcus neoformans strain results in classical macrophage activa-
tion and protection. Am. J. Pathol. 176:774 –785. http://dx.doi.org/10
.2353/ajpath.2010.090634.

61. Qiu Y, Zeltzer S, Zhang Y, Wang F, Chen GH, Dayrit J, Murdock BJ,
Bhan U, Toews GB, Osterholzer JJ, Standiford TJ, Olszewski MA. 2012.
Early induction of CCL7 downstream of TLR9 signaling promotes the
development of robust immunity to cryptococcal infection. J. Immunol.
188:3940 –3948. http://dx.doi.org/10.4049/jimmunol.1103053.

62. Chen GH, McNamara DA, Hernandez Y, Huffnagle GB, Toews GB,
Olszewski MA. 2008. Inheritance of immune polarization patterns is
linked to resistance versus susceptibility to Cryptococcus neoformans in a
mouse model. Infect. Immun. 76:2379 –2391. http://dx.doi.org/10.1128
/IAI.01143-07.

63. Osterholzer JJ, Milam JE, Chen GH, Toews GB, Huffnagle GB, Olsze-
wski MA. 2009. Role of dendritic cells and alveolar macrophages in reg-
ulating early host defense against pulmonary infection with Cryptococcus
neoformans. Infect. Immun. 77:3749 –3758. http://dx.doi.org/10.1128
/IAI.00454-09.

64. Khader SA, Bell GK, Pearl JE, Fountain JJ, Rangel-Moreno J, Cilley GE,
Shen F, Eaton SM, Gaffen SL, Swain SL, Locksley RM, Haynes L,
Randall TD, Cooper AM. 2007. IL-23 and IL-17 in the establishment of
protective pulmonary CD4� T cell responses after vaccination and during
Mycobacterium tuberculosis challenge. Nat. Immunol. 8:369 –377. http:
//dx.doi.org/10.1038/ni1449.

65. Shahrara S, Pickens SR, Dorfleutner A, Pope RM. 2009. IL-17 induces
monocyte migration in rheumatoid arthritis. J. Immunol. 182:3884 –
3891. http://dx.doi.org/10.4049/jimmunol.0802246.

66. Herring AC, Falkowski NR, Chen GH, McDonald RA, Toews GB,
Huffnagle GB. 2005. Transient neutralization of tumor necrosis factor
alpha can produce a chronic fungal infection in an immunocompetent
host: potential role of immature dendritic cells. Infect. Immun. 73:39 – 49.
http://dx.doi.org/10.1128/IAI.73.1.39-49.2005.

67. Voelz K, Lammas DA, May RC. 2009. Cytokine signaling regulates the
outcome of intracellular macrophage parasitism by Cryptococcus neofor-
mans. Infect. Immun. 77:3450–3457. http://dx.doi.org/10.1128/IAI.00297-09.

68. Wozniak KL, Hardison SE, Kolls JK, Wormley FL. 2011. Role of IL-17A
on resolution of pulmonary C. neoformans infection. PLoS One 6:e17204.
http://dx.doi.org/10.1371/journal.pone.0017204.

Murdock et al.

948 iai.asm.org Infection and Immunity

http://dx.doi.org/10.1385/IR:33:1:053
http://dx.doi.org/10.1097/MD.0b013e318144b1d9
http://dx.doi.org/10.1097/MD.0b013e318144b1d9
http://dx.doi.org/10.1056/NEJM198602273140901
http://dx.doi.org/10.1056/NEJM198602273140901
http://dx.doi.org/10.1378/chest.07-0114
http://dx.doi.org/10.1378/chest.07-0114
http://dx.doi.org/10.1086/657306
http://dx.doi.org/10.1086/657306
http://dx.doi.org/10.2353/ajpath.2007.060595
http://dx.doi.org/10.2353/ajpath.2007.060595
http://dx.doi.org/10.2353/ajpath.2010.100141
http://dx.doi.org/10.2353/ajpath.2010.100141
http://dx.doi.org/10.1016/S1074-7613(02)00391-6
http://dx.doi.org/10.1016/S1074-7613(02)00391-6
http://dx.doi.org/10.1128/IAI.00508-10
http://dx.doi.org/10.1128/IAI.05530-11
http://dx.doi.org/10.4049/jimmunol.0902823
http://dx.doi.org/10.1016/j.ajpath.2010.11.006
http://dx.doi.org/10.1016/j.ajpath.2010.11.006
http://dx.doi.org/10.1084/jem.173.4.793
http://dx.doi.org/10.2353/ajpath.2010.090634
http://dx.doi.org/10.2353/ajpath.2010.090634
http://dx.doi.org/10.4049/jimmunol.1103053
http://dx.doi.org/10.1128/IAI.01143-07
http://dx.doi.org/10.1128/IAI.01143-07
http://dx.doi.org/10.1128/IAI.00454-09
http://dx.doi.org/10.1128/IAI.00454-09
http://dx.doi.org/10.1038/ni1449
http://dx.doi.org/10.1038/ni1449
http://dx.doi.org/10.4049/jimmunol.0802246
http://dx.doi.org/10.1128/IAI.73.1.39-49.2005
http://dx.doi.org/10.1128/IAI.00297-09
http://dx.doi.org/10.1371/journal.pone.0017204
http://iai.asm.org

	Interleukin-17A Enhances Host Defense against Cryptococcal Lung Infection through Effects Mediated by Leukocyte Recruitment, Activation, and Gamma Interferon Production
	MATERIALS AND METHODS
	Mice.
	C. neoformans.
	Intratracheal inoculations.
	CFU assays.
	Leukocyte isolation from lungs.
	Lung histology.
	Extracellular cryptococci.
	Flow cytometry.
	Lung leukocyte subset identification by flow cytometric analysis.
	Intracellular IL-17A and IFN- staining.
	qPCR for IL-17A.
	IL-17A protein expression by Luminex.
	Statistical analyses.

	RESULTS
	Th17 cells increase in response to lung infection with C. neoformans strain 52D in WT C57BL/6 mice.
	IL-17A promotes containment of chronic lung infection but does not alter survival at 8 weeks.
	IL-17A enhances lung inflammation and intracellular containment of C. neoformans strain 52D as assessed by light microscopy.
	IL-17A promotes early lung leukocyte recruitment in response to infection with C. neoformans strain 52D.
	IL-17A promotes B cell and early CD8 T cell accumulation but does not affect total CD4 T cell numbers in mice infected with C. neoformans strain 52D.
	IL-17A is associated with increased IFN- production by CD4+ T cells and CD8+ T cells and the activation of antigen-presenting cells in mice infected with C. neoformans strain 52D.

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES


